Systemic application of positively charged polycation/DNA complexes has been shown to result in predominant gene expression in the lungs. Targeting gene expression to other sites, eg distant tumors, is hampered by nonspecific interactions largely due to the positive surface charge of transfection complexes. In the present study we show that the positive surface charge of PEI (25 kDa branched or 22 kDa linear)/DNA complexes can be efficiently shielded by covalently incorporating transferrin at sufficiently high densities in the complex, resulting in a dramatic decrease in nonspecific interactions, eg with erythrocytes, and decreased gene expression in the lung. Systemic application of transferrinshielded PEI/DNA complexes into A/J mice bearing subcut-
Introduction
Although there are a variety of vectors available which show effective gene transfer in cell culture, [1] [2] [3] [4] [5] efficient and target specific gene delivery in vivo is still the major challenge in gene therapy. In vivo gene delivery faces a variety of additional obstacles such as anatomical size constraints, interactions with biological fluids, extracellular matrix, and binding to a broad variety of nontarget cell types. Transfection complexes have to be soluble, small enough to pass physiological barriers, 6 specific for binding to the target cells, 7 but inert against both body fluids 8, 9 and unspecific interactions with tissues and cells, 9, 10 such as the reticuloendothelial system (RES). [11] [12] [13] Among the various nonviral vectors available, the polycation polyethylenimine (PEI) is receiving broader attention due to its specific features to combine DNA condensing with an intrinsic endosomolytic activity. 4 PEI has shown high transfection efficacy in vitro as well as in a variety of applications in vivo. 4, [14] [15] [16] [17] [18] Recent studies indicate that lower molecular weight PEI molecules (22 kDa, 25 kDa) may be more advantageous compared with the high molecular weight PEI (800 kDa), particularly for in vivo application. [15] [16] [17] High reporter gene expression was found with complexes using the linear 22 kDa PEI in topical 6 and after systemic application with particularly high aneously growing Neuro2a tumors via the tail vein resulted in preferential (100-to 500-fold higher) luciferase reporter gene expression in distant tumors as compared with the major organs including the lungs. Tumor targeting is also demonstrated by DNA uptake and ␤-galactosidase gene expression in tumor cells. Assessing DNA distribution following systemic application significant amounts of DNA were found in the liver and tumor. However, in the liver, DNA was mainly taken up by Kupffer cells and degraded without significant transgene expression. In the tumor, DNA was associated mainly with tumor cells and frequently found near structures which resemble primitive blood vessels. Gene Therapy (2001) 8, 28-40. expression in the lungs. [17] [18] [19] However, specific targeting of gene expression to organs other than the lung, eg to distant tumors, seems to be more difficult. 20 In order to achieve target specificity we and others have coupled cell-binding ligands such as transferrin, antibodies and carbohydrates to PEI, combining the intrinsic activities of PEI with receptor-mediated uptake mechanisms. 7, [21] [22] [23] Transferrin-PEI/DNA complexes have shown high activity in a broad variety of applications in vitro 7, 24 and promising results in topical application in vivo. 24 Recently, we compared different types of delivery vectors for systemic application in tumor-bearing mice. 25 These studies have demonstrated that the physical and colloidal parameters of transfection complexes such as particle size, stability and surface charge critically influence DNA biodistribution, toxicity and gene transfer efficacy in vivo. 9, 25, 26 Positively charged PEI800/DNA complexes resulted in preferential expression in the lung, but were also associated with systemic toxicity. 25 Nonspecific interactions with plasma components, erythrocytes and nontarget cells may contribute to lung expression but also to the toxic side-effects observed after systemic application. 10, 26 Shielding of the positive surface charge by coating the complexes with polyethylene glycol (PEG) inhibited these nonspecific interactions, resulting in preferential expression in tumor. Furthermore, lung expression and toxicity were dramatically decreased. 25, 26 However, the efficacy of reporter gene delivery of PEGylated Tf-PEI(800)/DNA complexes was at least one order of magnitude lower compared with optimized adenovirus enhanced transfection (AVET) complexes.
In the present study, we present new formulations of transferrin-polyethylenimine (Tf-PEI) complexes with improved efficacy in tumor delivery and gene expression. Low molecular weight PEI molecules (25 kDa or 22 kDa) and increased densities of transferrin in the complex were used to increase efficacy and decrease nonspecific interaction. We show that low molecular weight PEIs are more favorable for systemic in vivo application than 800 kDa PEI. Furthermore, we demonstrate that transferrin can efficiently shield the positive surface charge of the PEI/DNA complexes and protect from nonspecific interactions, resulting in tumor targeted gene delivery after systemic application in vivo.
Results
Aggregation of erythrocytes by PEI/DNA complexes: influence of PEI molecular weight Previously, we had shown that positively charged PEI800/DNA complexes, where DNA is complexed with PEI of 800 kDa molecular weight (PEI800), are prone to a broad variety of nonspecific interactions with plasma components and blood cells. 26 Particularly, aggregation of erythrocytes by positively charged complexes can result in occlusion of capillaries in the lungs which could account for the high toxicity observed after systemic application of PEI800/DNA complexes.
10,25 PEI/DNA complexes using different molecular weight PEI molecules, eg linear 22 kDa (PEI22), or branched 25 kDa (PEI25), were compared with PEI800 for their ability to aggregate freshly collected, washed murine erythrocytes in vitro. PEI/DNA complexes were prepared at similar polycation (nitrogen) to DNA (phosphate) ratio (N/P = 6), and had similar high positive surface charge of +30 to approximately 35 mV as estimated by zetapotential measurement. After 1 h incubation the aggregation of erythrocytes was evaluated. Strong aggregation of erythrocytes was found with PEI800/DNA complexes, while DNA complexes with low molecular weight PEIs, in particular linear PEI22, showed lower aggregation ( Figure 1) . A lower erythrocyte aggregation by the low molecular weight PEIs indicates a more favorable feature for systemic application in vivo. Control experiments were performed which showed that small amounts of free PEI as present at moderate N/P ratios 18 after removal of complexes by centrifugation have no major contribution to the erythrocyte aggregation. Free PEI (without DNA) at amounts as used for complexation of DNA resulted in significant erythrocyte aggregation, but were even more pronounced in fusion of the erythrocytes with the plastic surface (data not shown).
Shielding of the positive surface charge of PEI/DNA complexes by transferrin In spite of the differences in the degree of erythrocyte aggregation between different PEIs, in all cases the positive charge of the PEI/DNA complexes, a requirement for efficient complexation of the DNA, is also responsible for the nonspecific interactions and lung expression. 10, 25 Shielding of the positive surface charge should further inhibit these nonspecific effects.
PEI/DNA complexes were generated by mixing DNA (pCMVL) with PEI25 at N/P ratio of 4.8 and the zetapotential was measured (Figure 2a) . To study the effect of transferrin incorporation into the complex on the surface charge of the PEI25/DNA complexes, the PEI25 was partially or completely replaced by Tf-PEI (transferrin-conjugated PEI25 at a molar ratio Tf:PEI of 1:1) as described in Materials and methods. PEI25/DNA complexes (N/P = 4.8) have a high positive surface charge with a zeta-potential of approximately +35 mV. Incorporation of transferrin even at low concentrations (1 part Tf-PEI plus 9 parts PEI25, ie (1:10)) into complexes significantly decreased the zeta-potential. Complexes where PEI was completely replaced by Tf-PEI had a zeta-potential of zero or slightly negative, however, transfection efficacy was low (data not shown). When transfection efficiency and zeta-potential were correlated, a ratio of 1 part Tf-PEI plus 3 parts PEI25 was deemed to be optimal for in vivo application (high transfection efficency combined with a low zeta-potential); in all further studies this ratio Tf-PEI25/PEI25 (1 + 3) was used. Figure 2b shows the zeta-potential of Tf-PEI/PEI/DNA complexes and PEI/DNA complexes over a range of N/P ratios. PEI/DNA complexes with either branched PEI25 or linear PEI22 are shown. Both PEI25/DNA and PEI22/DNA complexes have a high positive zeta-potential. In contrast, replacement of one quarter of the PEI by Tf-PEI significantly decreased the zeta-potential at all N/P ratios tested. At N/P = 4.8, both Tf-PEI/PEI25/DNA and Tf-PEI/PEI22/DNA complexes had nearly neutral zeta-potentials. The optimal Tf-PEI/PEI25/DNA complexes were tested for erythrocyte aggregation in comparison with the positive surface charged PEI25/DNA complexes. PEI25/DNA complexes (N/P = 4.8, zeta-potential +35 mV) induced a pronounced aggregation of erythrocytes (Figure 2c, center) . In contrast, incorporation of Tf-PEI into complexes (similar N/P = 4.8, but low zeta-potential +7 mV) significantly decreased erythrocyte aggregation (Figure 2c, left) . Gene delivery after systemic application PEI/DNA (pCMVL) complexes, coding for the luciferase reporter gene, with or without Tf-PEI were tested for systemic application in tumor-bearing mice. One million Neuro 2a cells were set subcutaneously in syngeneic A/J mice; after approximately 2 weeks well vascularised tumors had developed. Transfection complexes were injected systemically into mice bearing subcutaneously growing Neuro2a tumors via the tail vein. For assessment of gene delivery luciferase activity was measured in the various organs and tumor 24 h after injection of transfection complexes (Figure 3) . Compared with the 800 kDa PEI, which shows significant toxicity at all N/P ratios tested (see also Ref. 25) , the low molecular weight (25 kDa and 22 kDa) PEI-based transfection complexes were generally well tolerated after systemic application at N/P ratios of 4-9. At higher N/P ratios, toxicity could be found, particularly with PEI25/DNA complexes (data not shown). Application of PEI/DNA complexes without transferrin resulted in a nonspecific reporter gene expression pattern with significant gene expression observed in the lung and tumor, and varying levels in the other various organs (Figure 3a-c) .
In contrast, Tf-PEI/PEI/DNA complexes targeted gene expression to the tumor with expression levels two log units higher than in major organs including the lungs. Besides targeting to the tumor, the absolute expression levels in tumors were also approximately one log unit higher with Tf-containing complexes as compared with Tf-free complexes (Figure 3e and f). Transferrinpolylysine/DNA complexes applied for comparison showed only marginal activity with some low expression in the liver and marginal expression in the tumor (Figure 3g ). Other control animals were injected with naked DNA (pCMVL) or with a recombinant baculovirus coding for the luciferase gene under control of a CMV promotor. With naked DNA, no significant gene expression was found at any site apart from the injection site ( Figure 3d , see also Ref. 25) . It should be noted that injections were performed slowly and without higher pressure, in contrast to a recently published experimental protocol which used hydrodynamic pressure and showed significant gene delivery to the liver and other organs. 27, 28 Recombinant luciferase-baculovirus led to significant expression in a variety of major organs with highest expression in the liver, but only very low expression in the tumor (Figure 3h) .
Comparison of the gene expression data with the physical parameters of the transfection complexes suggests a correlation between the positive zeta-potential and predominant lung expression, while expression in tumors correlates with a low or nearly neutral surface charge. The negligible tumor expression with TfpLys/ DNA complexes compared with Tf-PEI/PEI/DNA complexes obviously reflects the much lower transfection efficacy of polylysine compared with PEI mainly due to the poor endosomal release with polylysine.
Complexes shown in Figure 3 were prepared at 75 mm NaCl (0.5× HBS). At physiological salt concentration, particularly PEI22 is known to form bigger particles or aggregates. 6 This aggregation was also observed for the 0.5× HBS ionic strength used in the present study. Particle size decreases when complexes are prepared at low ionic strength. 6, 26 However, previously we had found that PEI800/DNA complexes prepared at low ionic strength 
ml).
Gene Therapy (Hepes buffered 5% glucose) have a significantly lower transfection efficacy in vitro and in vivo compared with complexes formed at physiological salt concentrations (HBS, Hepes-buffered saline). 9, 26 On the other hand, Goula and colleagues 6, 17 had shown high transfection efficacy in the lung with PEI22/DNA complexes formed at low ionic strength. Therefore, we compared here the efficacy of transfection complexes prepared at 75 mm NaCl with complexes prepared at low ionic strength (Hepes or water with 5% glucose) for systemic in vivo application. The gene expression pattern indicated tumor targeting for all Tf-containing complexes, however, differences were found between PEI25-based complexes and PEI22-based complexes. While the transfection efficacy of Tf-PEI/PEI25/DNA complexes was decreased more than 10-fold when the complexes were formed at low ionic strength (data not shown), Tf-PEI/PEI22/DNA complexes almost retained their activity ( Figure 4b , compare with Figure 3f ). The efficacy of transferrin-free PEI22/DNA complexes was strongly increased when formed at low ionic strength, however, with high lung expression which is in accordance with published data. 6, 17, 18 The high expression in the lung with PEI22/DNA complexes formed at low ionic strength obviously correlates with a more 'in vivo compatible' par- 
ticle size of a few hundred nanometers compared with the bigger aggregates formed at higher ionic strength. 6, 19 Next, complexes formed at N/P = 4.8 were compared with complexes formed at higher N/P ratios. Increasing N/P ratio dramatically increased the overall transfection activity of transferrin-free PEI22/DNA complexes in all major organs, however, this increase was not observed in the tumor (Figure 4a and c) . Luciferase expression in the lung was approximately two log units higher as compared with other organs. In contrast, incorporation of transferrin retained a low zeta-potential even at high N/P ratios, resulting in predominant tumor targeted gene expression (Figure 4b and d) . These data give further support to the notion that gene expression in the major organs including lung correlates with excess of positive charge while targeting to the distant tumor correlates with a low or neutral charge.
The dependency of gene expression in tumors on the applied amount of DNA complex was investigated (Figure 5a ). A clear correlation between the amount of DNA and the level of expression up to a dose of 50 g DNA was observed. Increasing the DNA dose above 75 g per application, however, did not further increase the levels of luciferase gene expression in the tumors.
The kinetics of luciferase reporter gene expression was evaluated after single or repeated application (Figure 5b and c). Expression after single application is transient and declined after a few days (Figure 5b ). However, repeated application at day 0 and day 1 resulted in higher luciferase expression levels, and significant luciferase activity was detectable 1 week after application (Figure 5c ). For histological assessment of gene expression in the tumor, Tf-PEI/PEI25/DNA (pCMV␤) complexes coding for the ␤-galactosidase reporter gene were injected into tumor-bearing mice. Gene expression was found to be distributed over large regions of the tumor, but in a heterogeneous pattern with focal areas showing strong transgene expression (visualized after short X-gal exposure) and broad areas without any visible gene expression. Transfected cells were often found near to lacuna-like structures which resemble immature vessels ( Figure 6 ). No blue staining was detected in any of the control animals injected with similar transfection complexes using an expression plasmid coding for the luciferase gene.
DNA distribution after systemic application DNA biodistribution of Tf-PEI/PEI/DNA (pCMVL) transfection complexes was studied by Southern blot analysis hybridizing with a pCMVL-specific probe as described in Materials and methods. 25 Using this technique intact DNA can be easily distinguished from partially degraded DNA. Figure 7a and b shows the DNA distribution 4 h after application of transferrin-shielded complexes (b) or unshielded complexes (a) analyzed in the major organs and tumor. Highest amounts of (total, intact and partially degraded) DNA were detected in the liver in both cases. However, with transferrin-shielded complexes significant amounts of DNA were detected also in the tumor. A major part of the total DNA was found to be already degraded 4 h after application, eg with more than 95% of the total DNA in the liver quantified being partially degraded. Estimation of intact DNA (Figure 7c and d) revealed major differences in the DNA biodistribution between unshielded and transferrin-shielded complexes. With unshielded complexes the highest amounts were found in the liver. Significant amounts were also found in the lungs, spleen, and some small amounts in the tumor (Figure 7c ). In contrast, with transferrin-shielded complexes highest amounts of intact DNA were detected in the tumor followed by the liver (Figure 7d) . In other organs such as lungs, spleen and kidney only small amounts of DNA were detected. For comparison of DNA delivery and transgene expression animals were analyzed for luciferase reporter gene expression 24 h after application (Figure 7e and f) . A good correlation between DNA biodistribution pattern and gene expression pattern was found particularly for tumor and lung. A six-fold higher accumulation of intact DNA (or more than 10-fold higher accumulation of total DNA) in the tumor after application of transferrinshielded complexes correlated with a more than 20-fold higher gene expression compared with unshielded complexes. In contrast, a five-fold decrease in intact DNA accumulation in the lung with transferrin-shielded complexes correlated with a more than 30-fold lower gene expression in the lung compared with unshielded complexes.
Different from organs such as tumor or lungs, in the liver a significant DNA accumulation with both unshielded as well as shielded complexes did not result in high gene expression. The liver is well known for its central role in removal of foreign particles from the circulation 13 mainly by the Kupffer cells. We followed the fate of the transfection complexes in the liver after systemic application using DNA labeled with rhodamine-PNA clamp, 29 which is commercially available as pGeneGrip. Figure 8a shows histological fluorescence images of the liver 4 h after systemic application of transfection complexes. Significant uptake of rhodamine-labeled DNA was found in large areas of the liver lobes (Figure 8a ). Uptake of DNA was associated with single cells scattered throughout the 
Tf-PEI/PEI25/DNA transfection complexes containing rhodamine-labeled plasmid DNA (pGeneGrip) (N/P = 4.8, prepared at 75 mm NaCl, 20 mm Hepes, 2.5% glucose, 50 gDNA per mouse) were injected into the tail vein of Neuro2a tumorbearing A/J mice. DNA distribution in the tissue can be followed by the red fluorescence of pGeneGrip. Cell nuclei are visualized by DAPI staining (b, f). Endothelial cells were stained using anti-CD31 antibody (FITClabeled, a, b). Kupffer cells were stained by F4/80 antibody (FITC-labeled, d-f). Slides were evaluated under a Zeiss Axioskop II fluorescence microscope equipped with a Hamamatsu CCD camera. (a, b) ×100 original magnification, (c-f) ×630 original magnification.
tissue (compare DAPI staining of cell nuclei, Figure 8b ). There was no obvious association between DNA uptake and endothelial cells as assessed by anti-CD31 staining. Staining with an F4/80 antibody (FITC-labeled), which is specific for macrophage-like cells, indicated an almost exclusive uptake of DNA by Kupffer cells while no uptake was found in the surrounding hepatocytes (cells visualized by DAPI staining of the nuclei (Figure 8c-f) . The histological data together with the DNA distribution and luciferase gene expression data ( Figure 7) indicate that transfection complexes are taken up mainly by Kupffer cells in the liver and rapidly degraded without significant transgene expression.
Histological distribution of gene expression in the tumor
The distribution of transfection complexes in the tumor 4 h after administration was visualized using rhodaminelabeled DNA (pGeneGrip). In contrast to the DNA distribution in the liver, uptake of DNA in the tumor was much more heterogeneous with focal areas of DNA uptake and large areas of the tumor without significant uptake (Figure 9a ). Within these foci of uptake, the DNA was associated with the majority of the cells. Most of the cells were attributed as tumor cells as determined by cell morphology and negative staining with the macrophagespecific F4/80 antibody (Figure 9b) . However, not all DNA was associated with tumor cells, some was also found associated with extracellular matrix (Figure 9f ). 
Figure 9 Uptake of plasmid DNA in the tumor after systemic application visualized by immunofluorescence staining. Tf-PEI/PEI25/DNA transfection complexes containing rhodamine-labeled plasmid DNA (pGeneGrip) (N/P = 4.8, prepared at 75 mm NaCl, 20 mm Hepes, 2.5% glucose, 50 gDNA per mouse) were injected into the tail vein of Neuro2a tumorbearing A/J mice. DNA distribution in the tissue can be followed by the red fluorescence of pGeneGrip. Cell nuclei are visualized by DAPI staining (all, except c). Endothelial cells were stained using anti-CD31 antibody (FITC-labeled, e). Slides were evaluated under a Zeiss Axioskop II fluorescence microscope equipped with a Hamamatsu CCD camera. (a) ×100 original magnification, (c, d, e) ×200 original magnification, (b, f) ×400 original magnification, (g) ×630 original magnification.
DNA uptake in tumor cells was often found near to structures which may represent primitive blood vessels, and occasionally, labeled DNA was found associated with endothelial cells as characterized by immunofluorescence staining with an antibody against the endothelial cell marker CD31 (Figure 9c-e) .
Discussion
The physical and colloidal parameters of transfection complexes, such as particle size, charge and stability are critical factors which determine DNA biodistribution and expression profile in vivo. One has to consider them as the basis for the rational design of gene delivery vectors for in vivo application. 13, 25, 26, [30] [31] [32] [33] [34] [35] Unprotected naked DNA is obviously rapidly degraded in the blood circulation. Recently, a specific experimental application protocol has been reported which uses rapid injection of very large volumes of plasmid DNA solutions into the tail vein of mice associated with a transient cardiac congestion and hydrodynamic pressure of the DNA solution into the organs connected to the vena cava inferior and resulting in high gene expression in organs such as the liver. 27, 28 This specific experimental application protocol may be applicable for certain regional application, but obviously is not practical for systemic application in big animals or humans.
Under normal application, without hydrodynamic pressure, as used in the present study, the DNA has to be protected, eg by condensation with cationic lipids or polymers to survive in the blood circulation. Since condensation of the DNA is usually achieved at an excess of the polycation, transfection complexes will have a positive surface charge. The positive surface charge is also essential for uptake of the complexes into the cells unless cell-binding ligands are present. The requirement for an excess of positive charge poses a major problem for systemic application, because positively charged complexes are prone to interact nonspecifically with a variety of components in the blood, other body fluids, extracellular matrix and nontarget cells. These nonspecific interactions result in destabilization of the complexes, their removal and degradation, or nonspecific uptake with undesired effects. The observed aggregation of erythrocytes clearly illustrates the potential of these nonspecific interactions in causing toxic side-effects. Aggregation of erythrocytes can result in occlusion of capillaries and may be one of the leading pathogenetic mechanisms for lung embolism previously observed after application of PEI800/DNA complexes. 10, 25 The causal correlation between erythrocyte aggregation and systemic toxicity is supported by the fact that increasing N/P ratios of the polycation/DNA complex is also associated with increased erythrocyte aggregation and increasing toxicity. This correlation was found with PEIs of different polymer sizes. Beside the dependency on the N/P ratio there was, however, also a dependency on the type of PEI molecule used. PEI800 showed the most pronounced erythrocyte aggregation and is by far the most toxic for systemic application. DNA complexes with the lower molecular weight PEIs were generally well tolerated at N/P ratios which guarantee colloidal stability (N/P = 4-9), and toxicity was found only at higher N/P ratios. These data, together with the erythrocyte aggregation, also support the notion that the lower molecular weight PEIs are generally more favorable for in vivo use as compared with the high molecular weight PEI800. 6, 15, 17, 18 It is interesting to note the different behavior of DNA complexes with linear PEI22 and branched PEI25 at different salt concentrations. PEI25-based complexes formed at low ionic strength had significantly lower activity than complexes formed at higher ionic strength, a similar observation as reported previously for PEI800/DNA complexes. 9, 26 In contrast, PEI22/DNA complexes had high activity when also prepared at low ionic strength. Moreover, formation at low ionic strength even seems to be a prerequisite for the high expression in the lungs of unmodified PEI22 complexes. [17] [18] [19] Following our previous studies with PEGylated Tf-PEI800/DNA complexes, we show that shielding of the positive surface charge of PEI/DNA complexes is crucial for bypassing so-called, 'first pass organs' such as the lungs, and to target gene delivery specifically to distant tumors irrespective of which PEI species is used. This can be achieved by the incorporation of transferrin -a highly hydrophilic negatively charged protein which is abundant in serum -at sufficient densities in the complex. As has been repeatedly shown for lipoplexes and polyplexes, the positive surface charge leads to an expression pattern with highest expression in the lungs and lower expression in other major organs including heart, liver and kidney. 30, 31, [35] [36] [37] In particular, unmodified PEI/DNA complexes with the linear 22 kDa PEI have shown impressive lung expression, [17] [18] [19] which was also observed in this study. Incorporation of transferrin at sufficient densities significantly decreased the surface charge to a nearly neutral zeta-potential and resulted in targeted gene delivery to subcutaneously growing tumors. Similarly, Xu and colleagues 38 have reported targeting of DNA containing liposomes to distant tumors by noncovalent coating with transferrin. However, sufficient stability of the binding of transferrin to the complex seems to be important in the case of PEI/DNA complexes since coating of preformed positively charged PEI/DNA complexes by just addition of free transferrin reduced the zeta-potential as well as lung expression, however, it did not result in tumor-specific delivery in our tumor model (RK, unpublished data).
The particle size of complexes is another parameter which can be crucial for targeting to the tumor. To get transfection complexes through the circulation and to pass the spleen and liver -organs which are specialized in filtration and removal of foreign particles -a small and stable particle size is obviously a prerequisite. However, to make the most advantage of the differences in fenestration and leakiness of tumor vasculature in comparison with normal vasculature, 39-41 obviously, particle sizes which are bigger than the fenestration of normal vasculature (eg in the liver fenestration of approximately 100 nm can be assumed) can favor selective accumulation of transfection complexes in the tumor tissue compared with normal tissues. After the tumor has been reached a higher uptake by proliferating cells, 42 as well as 'active targeting' of the transferrin receptor resulting in receptormediated endocytosis, 3, 7 may contribute to a predominant gene expression in the tumor cells.
When following the biodistribution of the DNA complexes, a major part of the DNA was found in the liver, however, most of the DNA was already degraded 4 h after application. Histological data using rhodaminelabeled DNA showed a significant uptake of DNA by Kupffer cells while virtually no uptake was observed in hepatocytes. The histological data correlate with the very low luciferase reporter gene expression found in the liver. DNA uptake by Kupffer cells was homogeneously distributed over whole liver lobes, illustrating again the function of the liver for filtration and degradation of foreign particles, while uptake of DNA in the tumor was very heterogeneous. The focal areas of labeled DNA in the tumor can be correlated with the focal ␤-galactosidase reporter gene expression. Histology of these areas often showed lacuna-like structures which, in some cases, resembled primitive blood vessels indicating areas where transfection complexes can more easily leave the blood circulation and penetrate into the tumor. The intensive staining for ␤-galactosidase expression (found with short X-gal exposure times) demonstrates considerable transgene expression in these areas. In comparison with the transfected regions, large areas of the tumor without DNA uptake and without gene expression indicate that the distribution through the tissue and efficacy of gene transfer need further optimization.
In the present study, DNA uptake and gene expression in the tumor were found mainly in tumor cells, with occasional DNA uptake also by endothelial cells, differ-ent to studies with lipoplexes, which showed DNA uptake primarily by endothelial cells and virtually no uptake by tumor cells. 43 In conclusion, we show that incorporation of transferrin can efficiently shield the positive surface charge of polyplexes. Shielding of the surface charge is essential for targeting gene delivery and expression to distant targets, ie tumors, which -unlike 'first pass organs' such as the lungs -cannot be reached directly following systemic intravenous application. Using transferrin-modified PEIs of low molecular weight more than 10-fold higher efficacy of gene expression in the tumor was found compared with PEGylated Tf-PEI800 complexes described previously. 25, 26 Beside the higher transfection efficacy, low molecular weight PEIs were also less toxic than high molecular weight PEI800 which seems to correlate with the lower erythrocyte aggregation observed. Assessing DNA distribution in the tumor, DNA was found mainly near to structures which resemble primitive blood vessels. As also demonstrated here, distribution of DNA and gene expression are very heterogenous and large amounts of DNA were degraded by the RES. Further improvement in the formulation aspects in combination with additional levels of specificity such as controllable transcription/translation 44, 45 and improvement of the intracellular steps of the gene transfer such as nuclear uptake 46, 47 should finally result in therapeutically useful vector systems.
Materials and methods

Chemicals and expression vectors
Polyethylenimine (PEI), branched, molecular weight 25 kDa and 800 kDa, were obtained from Aldrich (Milwaukee, WI, USA) and Fluka (Buchs, Switzerland) (50% w/v), respectively. Linear PEI (22 kDa) was purchased from Euromedex (Soufferlweyersheim, France) or more recently, from MBI Fermentas (St Leon-Rot, Germany). Human transferrin (iron-free) was obtained from Biotest (Dreieich, Germany).
Transferrin-PEI (Tf-PEI, 25 kDa) conjugate synthesis: This was performed similarly as described previously for Tf-PEI (800 kDa) conjugates 7 with some modifications. A solution of PEI (25 kDa) as HCl salt in water was subjected to gel filtration on a Sephadex G-25 superfine (Pharmacia, Uppsala, Sweden) column. Liquid chromatography was performed with a Merck-Hitachi L-6220 pump, a L-4500A UV-VIS detector. The content of PEI in the fractions was determined by ninhydrin assay and measured spectrophotometrically at 570 nm. The amount of transferrin was determined by absorption measurement at 280 nm. A solution of transferrin in 30 mm sodium acetate buffer (pH 5) was subjected to gel filtration on a Sephadex G-25 superfine (Pharmacia) column. The resulting solution was cooled to 0°C, and three equivalents of sodium periodate in 30 mm sodium acetate buffer (pH 5) were added. The mixture was kept on ice, in the dark, for 90 min. For removal of the low molecular weight products an additional gel filtration (Sephadex G- Plasmids: The plasmids pCMVL coding for the Photinus pyralis luciferase gene and pCMV␤ coding for ␤-galactosidase, were purified using Endofree Plasmid Giga kit (Qiagen, Hilden, Germany). Endotoxin (LPS) levels were Ͻ0.1 endotoxin units/50 g DNA as determined by Limulus Amebocyte Lysate assay (BioWhittaker, Walkersville, MD, USA). Rhodamine-labeled DNA coding for GFP (pGeneGrip) was purchased from Gene Therapy Systems (San Diego, CA, USA).
A recombinant baculovirus expressing the luciferase reporter gene under the control of a CMV promotor similar to that described by Hofmann et al 48 was a gift of Dr Tamas Schweighoffer, Boehringer Ingelheim Austria. The detailed construction of this recombinant baculovirus will be described elsewhere (Schweighoffer et al, manuscript in preparation).
Cells and animals
Murine Neuro2A neuroblastoma cells (ATCC (Rockville, MD, USA) CCL 131) were cultured in RPMI 1640 medium/10% FCS. Syngeneic A/J mice (7-8 weeks, female) were purchased from Harlan (Bicester, UK).
Preparation of transfection complexes
PEI/DNA complexes: These were prepared by flash-mixing of indicated amounts of plasmid DNA with PEI at indicated N/P ratios (N/P = molar ratio of PEI nitrogen to DNA phosphate, eg N/P = 4.8: 32 g PEI per 50 g DNA).
Transferrin-PEI/DNA complexes: These were prepared similarly with the exception that PEI was partially replaced by the Tf-PEI conjugate, eg [1 + 3] , N/P = 4.8 were formed by flash-mixing of a mixture of 8 g Tf-PEI and 24 g PEI (25 kDa) with 50 g DNA.
Unless indicated, complexes were prepared at DNA concentration of 200 g/ml in 0.5× HBS (ie 75 mm NaCl, 20 mm Hepes pH 7.4). To ensure iso-osmolarity, glucose (from a 50% stock solution) was added to a final concen-tration of 2.5% (w/v). To generate small particles complexes were formed in water (or 20 mm Hepes, pH 7.3), and 5% (w/w) glucose was added.
Systemic application of transfection complexes in tumorbearing mice A/J mice were injected subcutaneously with 1-1.3 × 10 6 Neuro2a cells. After 2 weeks, when tumors had reached approximately 10-13 mm in size, transfection complexes were applied. Transfection complexes (250 l per mouse) were injected slowly without pressure into the tail vein. At indicated time-points after injection animals were killed and the indicated tissues were resected, frozen in liquid nitrogen, and stored at −80°C.
Determination of DNA biodistribution after systemic application Southern blot technique: This was performed as described previously 25 with minor modifications. Four hours after injection animals were killed and organs were resected and homogenized in 250 mm Tris-buffer, pH 7.5, using an IKA-homogenizer, frozen in liquid nitrogen, and stored at −80°C.
Isolation of DNA was performed according to the QIAamp Tissue Kit protocol (Qiagen, Cat. No. 29304). Southern blots were hybridized with a probe generated from plasmid pCMVL and washed as described in the DIG Labeling and Detection Kit (Boehringer Mannheim, Mannheim, Germany, Cat. No. 1585614). Immunological detection was done with Vistra ECF Substrate (Amersham RPN5785, Bucks, UK) that can be detected in a Phosphor Imager (Molecular Dynamics, Wayzata, MN, USA).
Histological examination of DNA distribution: For immunohistological examination of DNA distribution animals were injected with transfection complexes containing 50 g pGeneGrip vectors (rhodamine-labeled DNA coding for GFP). Four hours after injection animals were killed and the tumors were resected and snap-frozen in liquid nitrogen. Cryosections (thickness 6-7 m) were prepared by means of a microtom (at −20°C). DNA distribution in the tissues was visualized under a Zeiss Axioskop II fluorescence microscope (Zeiss, Jena, Germany) equipped with a Hamamatsu CCD camera (Hamamatsu, Phototonics, Hamamatsu City, Japan).
Determination of reporter gene expression after systemic application
Luciferase reporter gene expression assay: For examination of luciferase reporter gene expression animals were injected with transfection complexes with the pCMVL plasmid coding for luciferase. Animals were killed at indicated time-points by cervical dislocation. Organs were resected and homogenized in 250 mm Tris-buffer, pH 7.5, using an IKA-homogenizer, frozen in liquid nitrogen, and stored at −80°C. Luciferase activity in the tissue lysate was measured using a Lumat LB9507 instrument (Berthold, Bad Wildbad, Germany) as described previously. 25 Luciferase background (100-200 RLU) was subtracted from each value and transfection efficacy is expressed as RLU per organ. One million RLU correspond approximately to 2 ng luciferase.
Protein assay: To provide the possibility of normalizing luciferase expression to the average weight of the organs, the protein content of the organs was estimated using standard protein assay. The protein contents of the various organs are: liver, 120 mg; tumor, 51 mg; kidneys, 31 mg; lungs, 26 mg; heart, 17 mg; and spleen, 13 mg.
Histological examination of ␤-galactosidase gene expression: For immunohistological examination of gene expression animals were injected with transfection complexes containing 50 g pCMV␤ plasmid coding for ␤-galactosidase, or for control, with similar complexes containing 50 g pCMVL plasmid coding for luciferase. Twenty-four hours after injection tumors were resected and snap-frozen in liquid nitrogen. Cryosections (thickness 6-7 m) were prepared by means of a microtom (at −20°C). Expression for ␤-galactosidase reporter gene was estimated by X-gal staining as described. 25 Briefly, microslides were incubated for 4 h with X-gal substrate (0.2% of 5-bromo-4-chloro-3-indolyl-␤-d-galactopyranoside; Sigma, St Louis, MO, USA) at 37°C, washed, counterstained with eosin, and embedded in DAKO (Carpinteria, CA, USA) Faramount mounting medium.
Immunofluorescence staining
For immunofluorescence staining microslides were blocked with PBS/1% BSA for 10 min, and 10% goat serum for 15 min. For specific staining of macrophages slides were incubated with the primary antibody: antimouse macrophage F4/80 (rat), Serotec (Oxford, UK); clone: Cl:A3-1 (F4/80), diluted 1:50, and incubated for 1 h. After washing three times, slides were incubated with the secondary antibodies: F(ab′) 2 goat anti-rat IgG, FITC-labeled, Serotec diluted 1:50 for 30 min. For specific staining of endothelial cells slides were incubated with an anti-murine CD31 (rat) mAb-FITC-labeled, Pharmingen, (San Diego, CA, USA) diluted 1:50, and incubated for 1 h. Slides were washed three times, mounted with DAKO fluorescent mounting medium, and evaluated under a Zeiss Axioskop II fluorescence microscope equipped with a Hamamatsu CCD camera.
For visualization of cell nuclei slides were stained with DAPI (Boehringer Mannheim, 1 g/ml in methanol).
Measurement of particle size and zeta-potential Particle size of transfection complexes was measured by laser-light scattering using a Malvern Zetasizer 3000 (Malvern Instruments, Malvern, Worcs, UK) as described previously. 9, 26 The presented data are means of several measurements (n Ͼ 3), with each measurement averaging the data of 10 subruns.
For estimation of the surface charge transfection complexes were diluted in 10 mm NaCl and the zeta-potential was measured using a Malvern Zetasizer 3000. The data represent the means of at least three measurements.
Erythrocyte aggregation assay
Fresh blood from A/J mice was collected and immediately mixed with 20 l heparin. Erythrocytes were washed three times, and suspended in Ringer's solution. Washed erythrocyte suspension (1 ml) was mixed with the indicated amount of PEI/DNA or Tf-PEI/PEI/DNA complexes (17 g DNA) and incubated for 1 h at 37°C in six-well plates (Nunc, Rochester, NY, USA); erythrocyte aggregation was evaluated under a microscope. To distinguish whether aggregation of erythrocytes with PEI/DNA complexes is due to the positively charged complexes or to free PEI, 18 in control experiments the complexes were removed by centrifugation (Eppendorf centrifuge, 15 000 U/min, 20 min) and the supernatant containing free PEI was added to the erythrocytes. Removal of the PEI/DNA complexes was confirmed by measuring DNA concentration before and after centrifugation.
